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Abstract: A calibration method for a high-resolution hybrid MIMO turntable radar imaging system
is presented. A line of small metal spheres is employed as a test pattern in the calibration process to
measure the position shift caused by undesired antenna effects. The unwanted effects in the antenna
near-field responses are analysed, modelled and significantly mitigated based on the symmetry and
differences in the responses of the MIMO configuration.
Keywords: near-field antenna effect; radar calibration; MIMO radar; turntable radar; UWB radar;
radar system; scattering imaging; inverse scattering problem; radar resolution
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1. Introduction
Turntable radar imaging systems for high-resolution imaging of complex objects can
observe objects in arbitrary orientations and with a minimum of equipment [1]. No relative motion takes place between sensors and other objects in the environment, which
can be utilised to eliminate environment effects in order to increase system accuracy.
The long duration due to mechanical spatial-scanning is a disadvantage of a single-sensor
or single-input single-output (SISO) turntable system. In a multiple-sensor or multipleinput multiple-output (MIMO) system [2–7], the sensors can be spread spatially to excite/observe the object in different spatial positions including position, direction and
polarisation. In a high-speed capturing system, measurement data about the object can
be captured with only one snapshot [8–11] with multiple spatial positions in the excitation/observation. Complexity and cost of the system are proportional to the number of
spatial sensor positions.
A hybrid combination of a turntable and a minimalistic MIMO system is a suitable
trade-off between increasing capture speed and reducing complexity and system cost.
Moreover, differential features in the MIMO channel responses are very important and
cannot be identified in a SISO system. These can be utilised for system calibrations to
mitigate the system errors and/or system imperfections.
The calibration for a practical system plays a vital role in the improvement of reconstructed image accuracy [12]. The accuracy of nonideal electromagnetic acquisition systems
is affected by many factors, in which near-field characteristics of antennas are a significant
factor. The imperfection of S11 characteristic of a bidirectional mode antenna and mutual
near-field coupling between transmitting-receiving pairs of monodirectional mode antennas in the MIMO system are factors degrading the system accuracy. To eliminate these,
the switching methods to turn off the receivers in the transmitting periods can be used,
however this method is not suitable for a near-field radar system. Both the imperfection
in S11 and the mutual near-field coupling could be considered as an unknown mutual
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coupling of the system antennas. In [13,14], this effect in the MIMO systems was mitigated
by a subtraction between the two measurements with and without the object. While, blind
calibration processes were implemented in [15,16] assuming known antennas positions and
direction from the objects. An experimental study of antenna array calibration [17] revealed
a mismatch if only the coupling effect of antennas was considered. This can be explained by
another undesirable effect in antenna responses that is magnitude, latency/phase and polarisation in transmitting/receiving responses of the antennas dependent on direction. In [13],
an adaptive weighting technique was proposed to calibrate this directional dependence
error based on the measurement data at the exact positions. To tackle both the unknown
mutual coupling and the antenna directional-dependence, the reflected signals from the
metal plane in different positions were measured and processed in the calibration in [18,19].
Besides using the passive/static objects in calibration, the active/reconfigurable objects
were also used in calibration processes as a beacon in [20] or a rotatable double-antenna
polarimetric active radar calibrator in [21]. However, the measurement data at the exact
spatial positions was also a requirement of these methods.
In this article, a hybrid MIMO turntable radar imaging system [12] and a calibration
method to reduce the undesirable effects of the antennas on the system performance are
reported. The undesired antennas effects in the MIMO system configuration are analysed in
a perspective of near-field propagation [22]. Additionally, the effects of the object rotation
using the system turntable are analysed and the impacts on the estimation of object position
is modelled, investigated and measured. The calibration scheme is proposed to mitigate
these effects in order to improve system accuracy with a minimisation of the complexity in
measurement arrangement.
2. Radar Imaging System
Figure 1 shows the configuration of the MIMO turntable radar imaging system [12].
It includes two vertical fixed-mounted Vivaldi antennas and a turntable facilitating the
rotation of measured objects around the system axis with an angular step size ∆β. The two
antennas Ant.1 and Ant.2 are parallel, with a distance of s0 between them and have the
same distance to the system axis. The two antennas axes are in the system plane. The system
axis is perpendicular to the system plane and cuts this plane at the system origin O. The
distance from the system axis to the plane containing the two antennas reference planes is
r0 . The two antennas are connected with two bidirectional ports of a Rohde & Schwarz ZVA
40 vector network analyser (VNA) playing the role of a frequency-sweeping transceiver of
Sensors 2021, 21, x FOR PEER REVIEW
3 of 16
the radar system. The system parameters are shown in Table 1.

Figure 1.
configuration.
Figure
1.System
System
configuration.

Spatial tolerances in system configuration and object arrangements impact the accuracy of the imaging system. Reducing the spatial tolerances is challenging and increases
the cost in setting up the system as well as arrangement of the objects. However, the calibration scheme proposed in the Section 4 can reduce the effect of some of these spatial
tolerances.
In this MIMO system, each antenna plays the role of a transmitting antenna, a receiv-
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Table 1. System parameters.
Parameters

Values

Antennas space (s0 )
System distance (r0 )
Angular step size (∆β)
Rotating step number
Turntable tolerance
Antenna size (L × W)
System bandwidth
Frequency step
Transmitting power

180 mm
690 mm
◦
1.5
240
◦
±0.1
130 × 120 mm2
10 MHz–39.9 GHz
10 MHz
10 dBm

Spatial tolerances in system configuration and object arrangements impact the accuracy of the imaging system. Reducing the spatial tolerances is challenging and increases the
cost in setting up the system as well as arrangement of the objects. However, the calibration
scheme proposed in the Section 4 can reduce the effect of some of these spatial tolerances.
In this MIMO system, each antenna plays the role of a transmitting antenna, a receiving
antenna or both and time division multiplexing (TDM) of the VNA is used to divide each
measurement period into the two time slots. In each time slot, concurrently, one antenna is
in transmitting (Tx) and receiving (Rx) mode while the other is in Rx mode. The modes of
the antennas alternate in the next time slot.
With two antennas and the turntable, there are four combinations for spatial observing
channels (corresponding to four active radar virtual observing angles to the objects space)
in the measurement of object scattering characteristics at each position of the mechanical
rotation. These channels are presented in Table 2. The mechanical rotation of the turntable
◦
includes 240 steps with 1.5 /step. Thus, the total number of (virtual) observing angles to
the objects space can reach to 4 × 240.
Table 2. Spatial observing channels vs. antenna modes.
Channel
C11
C12
C21
C22

Antenna Mode
Tx:
Tx:
Tx:
Tx:

Ant.1, Rx:
Ant.1, Rx:
Ant.2, Rx:
Ant.2, Rx:

Ant.1
Ant.2
Ant.1
Ant.2

In practice, the speed of electrical mode switching for the antennas is faster than
mechanical state change for the turntable. Thus, this hybrid MIMO configuration is able
to increase the density of (virtual) observing directions to the objects space and/or increase data acquirement speed when compared to a turntable single-channel configuration.
The time-domain inverse scattering algorithm [23–25] is applied to reconstruct the object scattering image from radar measurement data. The object scattering images can be
produced based on measured data of all of mechanical rotation angles and corresponding to each mechanical rotation angle, data of one or all of four channels are used for
this reconstruction.
The inverse scattering algorithm is based on the propagating waves in the system
model to identify scattering sources. The accurate modelling for the real propagation
process on/between the antennas and the objects is necessary [22]. However, in this
algorithm, each antenna is considered as working in the far-field relative to the objects,
isolated from other antennas and with ideal S11 , so the effects of the real operational
antenna conditions significantly degrade the system accuracy. These antenna effects are
addressed, modelled and mitigated in the next sections. Additionally, the rotation of the
objects in the measurement process and the reconstruction algorithm is also concerned and
investigated in terms of its effect on estimated object-position in the next section.
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edge or at the connector) is the main factor causing imperfection in 𝑆 antenna characteristic [22]. This effect can occur many times between parts of the structure, forming
higher-order reflection components visible in the received signal in time domain. Both
first-order and higher-order reflection components of the dominant transmitted signal can
mask the small amount of received EM energy scattered from the target object and4 of
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received by the antenna. The imperfection in 𝑆 is illustrated in Figure 2 by the fact that
|𝑆 | parameter is always greater than zero in practice.
Another undesired effect in the system configuration is the proximity coupling be3.tween
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Another undesired effect in the system configuration is the proximity coupling between the two antennas. In the case of the observing channel being C12 or C21, this can be
considered as a mutual coupling channel between the transmitting and receiving antennas
of distance s0 . The first-order scattering components from the transmitting antenna can be
received by the receiving antenna. In the case of the observing channel being C11 or C22,
mutual coupling also occurs, the inactive antenna appears as a distributed target in close
proximity to the active antenna. Only second- and higher-order scattering components
from the inactive antenna can be received by the active antenna. Thus, in the case of C11
or C22, the received signal is affected by the both S11 imperfection and mutual coupling
effects. In all cases C11, C22, C12 or C21, the coupling EM energy proportion received at
the receiving antenna can mask the desired signal scattered from the object. The proximity
coupling between the two antennas of the system is also illustrated in Figure 2.
Figure 3 shows the impulse signal and the measured received signals at the antenna
ports. It is observed that the intrinsic antenna structure causes significant reflections,
even from the regions of the connection port as the reflecting signal is formed from the
beginning of the impulse. The amplitude of this reflection signal (Received Sig. with
C22) is significantly greater than the amplitude of received signal caused by the proximity
coupling (Received Sig. with C12). Due to the distance s0 between the two antennas,
there is a corresponding latency in the proximity coupling signal (Received Sig. with C12).
Another observation is that the higher-order scattering components of the two antennas
lead to the elongation of both received signals in the time domain.
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The relationship between the shift ∆𝑑 and the system parameters, the differential
parameter 𝛼, and the observing angle 𝛾 from Ant.1 to the object can be formulated based
on the trigonometric relation of the edge lengths and the vertex angle in the triangle ABP:
𝑠
+𝑤
2

(1)
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Figure 4. Shift model of antenna DoA dependence effect.
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Assuming that the differential parameter α does not depend on the distance from the
antenna to the measured position or the distance AB0 . The relationship between the shift
∆d β and the parameters and rotating variable β can be formulated as follows.
The projections of the segment OP0 on the x and y directions are:

In the triangle AB0 P0 ,

w β = w cos( β), h β = w sin( β).

(4)

s0
s
+ w β = 0 + w cos( β),
2
2

(5)

dβ =

r0 − h β
r − w sin( β)
 = 0

cos γβ
cos γβ

(6)
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and

tan γβ =
or

s0
2

+ w cos( β)
r0 − w sin( β)

(7)

 s0


+ w cos( β)
.
γβ = artan
r0 − w sin( β)
2

(8)

Considering the trigonometric relationship in the triangle B’P’M’, the projections of
∆d β on the x and y directions and the Equation (7) then
tan

α
2


∆d β cos γβ

.
=
{r0 − w sin( β)} tan γβ − ∆d β sin γβ

(9)

Thus, the shift ∆d β can be formulated as a function of the variable β, the object position
and the system parameters:
s

∆d β =

(
cos artan

+w cos( β)} tan( α2 )
{ 20)!
(

s0
2 +w cos( β)
r0 −w sin( β)

+sin artan

s0
2 +w cos( β)
r0 −w sin( β)

.

)!

(10)

tan( α2 )

An investigation of the shift ∆d β versus angle β with different initial x-axis object
positions is implemented. With w = 0, the objects initial position is at the origin O,
with w < 0 on the left and with w > 0 on the right of the origin. This investigation is
implemented with the differential parameter α = 1.35◦ . The plots in Figure 6 show that the
shift ∆d β of each point varies with the rotation angle β depending on distance w from the
origin to the initial position. Another feature is that at β = 0 the average of ∆d β is greater
than the initial value (∆d without the rotation effect) for points on the left of the origin and
less for points on the right. Thus, if the estimation of ∆d is based on averaging over β, then
Sensors 2021, 21, x FOR PEER REVIEW
8 of
the estimated value of ∆d tends to increase on the left of the origin and to decrease on
the16
right. This demonstrates that the estimated function of ∆d is nonlinear versus tan(γ) or
distance BP.

Figure
Figure6.6.An
Aninvestigation
investigationofofrotation
rotationeffect
effecttotothe
theshift.
shift.

Considering
superposition in
inthe
thereverse
reversescattering
scattering
algorithm
response
Considering the
the superposition
algorithm
to to
thethe
response
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nals scattered from the objects with rotation, local peaks in the reconstructed image tend
to spread out and shift with measured spatial errors ∆d β . However, because of nonlinear
to spread out and shift with measured spatial errors ∆𝑑 . However, because of nonlinear
or non-sawtooth shape around peaks of the time-domain response signals corresponding
or non-sawtooth shape around peaks of the time-domain response signals corresponding
to the measuring frequency band, this superposition leads to shrinking of the spatial errors
to the measuring frequency band, this superposition leads to shrinking of the spatial erin mapping to the reconstructed image. Thus, the value of the shift ∆d estimated from the
rors in mapping to the reconstructed image. Thus, the value of the shift ∆𝑑 estimated
reconstructed image tends to be smaller than its value in the model. The above analyses
from the reconstructed image tends to be smaller than its value in the model. The above
show that there are differences between the shift model in Equation (3) and the measured
analyses show that there are differences between the shift model in Equation (3) and the
measured and estimated result of the shift with the effects of the rotation and the feature
of the inverse scattering reconstruction algorithm.
An adjusted model for the shift with effects of the rotation and the feature of the reconstruction algorithm is proposed. Considering the feasibility for the measurement and estima-
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and estimated result of the shift with the effects of the rotation and the feature of the inverse
scattering reconstruction algorithm.
An adjusted model for the shift with effects of the rotation and the feature of the
reconstruction algorithm is proposed. Considering the feasibility for the measurement and
estimation of the shift caused by the DoA dependence of the antennas in this work, the
adjusted model for the shift ∆d is still a proportional function versus tan(γ) as Equation (3),
but the differential parameter α is replaced by α a with a k factor, 0 < k < 1 as per
Equation (11). The model is used in a calibration scheme for the system in next section.
α a = kα

(11)

4. Calibration Scheme and Results
To mitigate the effects of the imperfection of S11 characteristic and mutual proximity
coupling between the two antennas, the background subtraction method [23,25] is applied.
However, the slow ripple over environment temperature in the response of the system
transceiver can reduce the effectiveness of this method. The distance r0 from the antenna
reference planes to the system x axis is chosen large enough that undesired scattering
components described above arrive earlier than the scattered signals from the object.
Thereby, the error of higher-order components at the object-scattering period, caused by
the slow ripple in the transceiver, is small enough compared to the intensity of the scattered
signals from the object. Limiting the range of the angle γ considering the width of the
target object is also a factor in the choice of the lower bound of r0 . The upper bound of
r0 depends on the intensity of scattering signals from the objects compared to the system
noise level. In this work, r0 is chosen as 690 mm.
Spatial tolerance in the alignment and positioning of the system components and
calibration objects significantly affects the system accuracy. In the system, the fixed connected components such as the two antennas can be aligned accurately together with little
Sensors 2021, 21, x FOR PEER REVIEW
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Figure 7. Reflector aligned at rotating axis of the turntable for the system origin calibration.
Figure 7. Reflector aligned at rotating axis of the turntable for the system origin calibration.

As mentioned in Section 3, the antenna DoA dependence effect causes a shift in the
estimated object position when the estimation is based on reconstructed images. This shift
in the MIMO system was modelled and characterised by the differential parameter 𝛼 as
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Figure 7. Reflector aligned at rotating axis of the turntable for the system origin calibration.
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in the MIMO system was modelled and characterised by the differential parameter 𝛼 as
presented in the Equations (3) and (11). The measurement for the differential parameter α a
presented in the Equations (3) and (11). The measurement for the differential parameter
uses a calibration pattern of seven steel spheres of 11 mm diameter evenly spaced 40 mm
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The shift phenomenon caused by the antenna DoA dependence effect can be evaluated based on these two images. Firstly, the positions of the objects in the two images are
estimated using a local peak finding algorithm. Next, in each image, a line across the objects positions is estimated by fitting a linear function with the peak positions set. The
angle of the two lines from the two images represents the differential parameter 𝛼 of the
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The shift phenomenon caused by the antenna DoA dependence effect can be evaluated
based on these two images. Firstly, the positions of the objects in the two images are
estimated using a local peak finding algorithm. Next, in each image, a line across the objects
positions is estimated by fitting a linear function with the peak positions set. The angle of
the two lines from the two images represents the differential parameter α a of the shift in the
◦
adjusted model. In this experiment, the estimated angle of the parameter α a is α̂ a = 1.16 .
The peak positions, fitted lines and the angle between the two lines are shown in Figure 9c.
Due to the symmetry of the MIMO system and the use of differential angle of the two
lines for the estimation, the evaluation of the shift parameter is not sensitive to tolerances
in direction and space between the line of the calibration pattern and the system horizontal
line. These tolerances can be caused by inaccurate alignment of the calibration pattern
on the turntable. Additionally, by fitting a linear function on the peaks corresponding
to the sphere positions, this function is a characteristic line of the peaks set with relative
distance errors to the peaks. This suggests that in the alignment of the calibration pattern,
straightness of the line of spheres is not a rigorous requirement.
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are compensated by the estimated shifts calculated by Equation (12) in the inverse scattering algorithm. The results of applying the compensation to the calibration pattern are
shown in Figure 11. The images show the improvement in focus specifically the significant
increase and regularity of the peaks. The antennas DoA dependence effect is significantly
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algorithm. The results of applying the compensation to the calibration pattern are shown in
Figure 11. The images show the improvement in focus specifically the significant increase
and regularity of the peaks. The antennas DoA dependence effect is significantly mitigated.
This is demonstrated by the overlap of the peak positions of the two images and the
◦
reduction of the estimated angle between the two lines down to approximately 0 in the
reconstructed images measured by channels C11 and C22. Additionally, the images of
the calibration pattern reconstructed from radar data collected by channels C12, C21 and
all of the four channels with DoA dependence calibration are also presented
Sensors 2021, 21, x FOR PEER REVIEW
12 of 16 in Figure 12.
These figures also show the effectiveness of the calibration.
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An investigation of relationship between the angle −𝛼 used to compensate for the
differential parameter 𝛼 in the adjusted model and the angle between the two lines practically estimated from the reconstructed images is implemented based on the calibration
pattern measured radar data. This investigates how the compensation affects the practical
estimation of the angle between the two lines and whether a multisolution in the algorithm to eliminate the DoA dependence effect exists. The result in Figure 13 shows that if
there is no compensation (−𝛼 = 0) then the estimated angle between the two lines is
1.16°. The angle between the two lines is suppressed when the compensation is implemented by a value of −𝛼 = 1.11°. This also shows that the error between the differential
parameter 𝛼 of the model and the measured and estimated differential parameter 𝛼 is
approximately 0.05°. In this investigation with the range of 6° (−2° to 4°, step of 0.1°)
of the parameter −𝛼 , there is only one solution for elimination of the antenna DoA dependence effect corresponding to −𝛼 = 1.11°. Therefore, the calibration algorithm has a
univalent convergence in the range of the parameter −𝛼 .
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An investigation of relationship between the angle −α a used to compensate for the
differential parameter α a in the adjusted model and the angle between the two lines practically estimated from the reconstructed images is implemented based on the calibration
pattern measured radar data. This investigates how the compensation affects the practical
estimation of the angle between the two lines and whether a multisolution in the algorithm
to eliminate the DoA dependence effect exists. The result in Figure 13 shows that if there
◦
is no compensation (−α a = 0) then the estimated angle between the two lines is 1.16 .
The angle between the two lines is suppressed when the compensation is implemented by
◦
a value of −α a = 1.11 . This also shows that the error between the differential parameter
α a of the model and the measured and estimated differential parameter α̂ a is approximately
◦
◦
◦
◦
◦
0.05 . In this investigation with the range of 6 (−2 to 4 , step of 0.1 ) of the parameter
−α a , there is only one solution for elimination of the antenna DoA dependence effect corre◦
sponding
to −
α a = 1.11 . Therefore,
calibration
algorithm has
a univalent
convergence
Figure 12.
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characters) and a reduced and irregular intensity of object peaks. This is caused by the
increase in number of spheres (from 7 to 31), the decrease in distance between the objects
(40 mm down to 20 mm) and the distribution of the objects in two dimensions of the system plane in the “TUD” pattern, when compared to the calibration pattern. These differences lead to more complexity in the propagation progress [22] between objects and an13 of 15
tennas at each observed angle. The increased probability of an object being occluded by
others is the main factor in the quality reduction of the reconstructed image.

Figure
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(c)
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dependence
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all
of
four
tion and (c) without DoA dependence calibration based on measurement data of all of four channels.
channels.

However, the quality of the reconstructed image in Figure 14b is lower than that of
Figure 12c. We observe the appearance of phantom peaks (e.g., between the “U” and “D”
characters) and a reduced and irregular intensity of object peaks. This is caused by the
increase in number of spheres (from 7 to 31), the decrease in distance between the objects
(40 mm down to 20 mm) and the distribution of the objects in two dimensions of the system
plane in the “TUD” pattern, when compared to the calibration pattern. These differences
lead to more complexity in the propagation progress [22] between objects and antennas at
each observed angle. The increased probability of an object being occluded by others is the
main factor in the quality reduction of the reconstructed image.
5. Conclusions
This article presented a hybrid MIMO radar imaging system associated with the undesired near-field antennas effects and demonstrated the effectiveness of a calibration method
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to mitigate these effects. The calibration scheme was based on the analysis and modelling
of the propagation process and differential features of the MIMO system configuration as
well as tolerated the errors in the measurement arrangement. The advantage of the method
was demonstrated in improved focus of image energy at object peaks in the reconstructed
scattering images. This facilitates highly accurate near-field detection of small objects using
antennas which are large compared to the object size.
Author Contributions: Conceptualisation, H.H.; methodology, H.H.; software, H.H.; validation,
H.H.; formal analysis, H.H.; investigation, H.H.; resources, H.H. and M.J.; data curation, H.H.;
writing—original draft preparation, H.H.; writing—review and editing, H.H., M.J., P.M. and M.J.A.;
visualisation, H.H.; supervision, M.J., P.M. and M.J.A. All authors have read and agreed to the
published version of the manuscript.
Funding: This research was funded by Science Foundation Ireland (SFI) and European Regional
Development Fund under grant number 13/RC/2077.
Acknowledgments: The authors are with the CONNECT Centre. This publication has emanated
from research conducted with the financial support of Science Foundation Ireland (SFI) and is
co-funded under the European Regional Development Fund under Grant Number 13/RC/2077.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

13.
14.
15.
16.
17.
18.

Vaupel, T.; Eibert, T.F. Comparison and Application of Near-Field ISAR Imaging Techniques for Far-Field Radar Cross Section
Determination. IEEE Trans. Antennas Propag. 2006, 54, 144–151. [CrossRef]
Bliss, D.W.; Forsythe, K.; Hero, A.; Yegulalp, A. Environmental issues for MIMO capacity. IEEE Trans. Signal Process. 2002,
50, 2128–2142. [CrossRef]
Marzetta, T.L. Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas. IEEE Trans. Wirel. Commun.
2010, 9, 3590–3600. [CrossRef]
Rusek, F.; Persson, D.; Lau, B.K.; Larsson, E.G.; Marzetta, T.L.; Tufvesson, F. Scaling Up MIMO: Opportunities and Challenges
with Very Large Arrays. IEEE Signal Process. Mag. 2013, 30, 40–60. [CrossRef]
Ngo, H.Q.; Larsson, E.G.; Marzetta, T.L. Energy and Spectral Efficiency of Very Large Multiuser MIMO Systems.
IEEE Trans. Commun. 2013, 61, 1436–1449. [CrossRef]
Larsson, E.G.; Edfors, O.; Tufvesson, F.; Marzetta, T.L. Massive MIMO for next generation wireless systems. IEEE Commun. Mag.
2014, 52, 186–195. [CrossRef]
Zeng, T.; Mao, C.; Hu, C.; Yang, X.; Tian, W. Multi-Static MIMO-SAR Three Dimensional Deformation Measurement System. In Proceedings of the 2015 IEEE 5th Asia-Pacific Conference on Synthetic Aperture Radar (APSAR), Singapore, 1–4 September 2015.
Li, J.; Stoica, P. MIMO Radar with Colocated Antennas. IEEE Signal Process. Mag. 2007, 24, 106–114. [CrossRef]
Haimovich, A.M.; Blum, R.; Cimini, L. MIMO Radar with Widely Separated Antennas. IEEE Signal Process. Mag. 2008, 25, 116–129.
[CrossRef]
Frankford, M.T.; Stewart, K.B.; Majurec, N.; Johnson, J.T. Numerical and experimental studies of target detection with MIMO
radar. IEEE Trans. Aerosp. Electron. Syst. 2014, 50, 1569–1577. [CrossRef]
Ma, C.; Yeo, T.; Liu, Z.; Zhang, Q.; Guo, Q. Target imaging based on l_1 l_0 norms homotopy sparse signal recovery and
distributed MIMO antennas. IEEE Trans. Aerosp. Electron. Syst. 2015, 51, 3399–3414. [CrossRef]
Hoang, H.; Ahmed, Z.; John, M.; McEvoy, P.; Ammann, M. Calibration for a Hybrid MIMO Near-field Imaging System to Mitigate
Antennas Effects. In Proceedings of the 2020 International Workshop on Antenna Technology (iWAT), Bucharest, Romania,
25–28 February 2020.
Liu, Y.; Xu, X.; Xu, G. MIMO Radar Calibration and Imagery for Near-Field Scattering Diagnosis. IEEE Trans. Aerosp. Electron.
Syst. 2018, 54, 442–452. [CrossRef]
Korner, G.; Oppelt, D.; Adametz, J.; Vossiek, M. Novel Passive Calibration Method for Fully Polarimetric Near Field MIMO
Imaging Radars. In Proceedings of the 2019 12th German Microwave Conference (GeMiC), Stuttgart, Germany, 25–27 March 2019.
Lin, M.; Yang, L. Blind Calibration and DOA Estimation with Uniform Circular Arrays in the Presence of Mutual Coupling.
IEEE Antennas Wirel. Propag. Lett. 2006, 5, 315–318. [CrossRef]
Wei, H.; Wang, D.; Zhu, H.; Wang, J.; Sun, S.; You, X. Mutual Coupling Calibration for Multiuser Massive MIMO Systems.
IEEE Trans. Wirel. Commun. 2016, 15, 606–619. [CrossRef]
Gupta, I.; Baxter, J.; Ellingson, S.; Park, H.-G.; Oh, H.S.; Kyeong, M.G. An experimental study of antenna array calibration.
IEEE Trans. Antennas Propag. 2003, 51, 664–667. [CrossRef]
Nakhkash, M.; Huang, Y.; Al-Nuaimy, W.; Fang, M.T.C. An improved calibration technique for free-space measurement of
complex permittivity. IEEE Trans. Geosci. Remote. Sens. 2001, 39, 453–455. [CrossRef]

Sensors 2021, 21, 514

19.
20.
21.
22.

23.
24.
25.

15 of 15

Mikhnev, V.A.; Vainikainen, P. Single-reference near-field calibration procedure for step-frequency ground penetrating radar.
IEEE Trans. Geosci. Remote. Sens. 2003, 41, 75–80. [CrossRef]
Sippel, E.; Lipka, M.; Geib, J.; Hehn, M.; Vossiek, M. In-Situ Calibration of Antenna Arrays Within Wireless Locating Systems.
IEEE Trans. Antennas Propag. 2020, 68, 2832–2841. [CrossRef]
Kong, L.; Xu, X. Calibration of a Polarimetric MIMO Array with Horn Elements for Near-Field Measurement. IEEE Trans.
Antennas Propag. 2020, 68, 4489–4501. [CrossRef]
Hoang, M.; John, M.; McEvoy, P.; Ammann, M.J. Near-Field Propagation Analysis for Vivaldi Antenna Design: Insight into the
Propagation Process for Optimizing the Directivity, Integrity of Signal Transmission, and Efficiency. IEEE Antennas Propag. Mag.
2020. [CrossRef]
Hoang, H.; Phan, P.; Dien, H.; Nguyen, L. Design and Experimental Study of an Ultra-Wideband Radar System. In Proceedings of
the International Conference on Advanced Technologies for Communications (ATC 2014), Hanoi, Vietnam, 15–17 October 2014.
Broquetas, A.; Palau, J.; Jofre-Roca, L.; Cardama, A. Spherical wave near-field imaging and radar cross-section measurement.
IEEE Trans. Antennas Propag. 1998, 46, 730–735. [CrossRef]
Tran, T.D.; Do, T.H.; Hoang, M. Development of system for detecting hidden objects based on UWB pulse radar. Sci. Technol.
Dev. J. 2015, 18, 111–121. [CrossRef]

